Bottom-up synthetic biology is a fascinating yet challenging way of unravelling the complexities of biological systems. In such an approach, one attempts to assemble molecules in a well-defined fashion with predictable characteristics to obtain a specific biological output. A major area of application that has emerged over the years is the construction of artificial cells. Artificial cells have been conceptualized as celllike compartments containing the basic molecules of life which ideally can function similarly to a real cell in a given environment [1] [2] [3] . However, given the sheer biological complexity of even the simplest single-celled organisms, the scientific aim of building an artificial cell can be restricted to recapitulating at least one major biological function. In this perspective article, we describe a conceptual framework of making artificial cells that recapitulate a function of natural platelets. We call these structures artificial platelets since they would have the capability to functionally assist and possibly replace natural platelets in the human body. We illustrate some proof of concept results and propose experimental techniques to achieve such a design in light of the current trends in synthetic biology and microfluidic technology.
Hemostasis is a key biological process during which loss of blood in damaged blood vessels is prevented in the body. The importance of platelets in maintaining hemostasis in the circulatory system is well known and has been studied extensively in the past. Platelets are derived from fragments of megakaryocytes and flow along the walls of blood vessels to initiate hemostatic response upon detection of injury or damage [4] .
Platelets in their native state are inactive and are only activated in the presence of specific factors (e.g. vonWillebrand factors) from the surrounding endothelial cells at the site of vascular injury and also molecules such as ADP and thromboxane released by nearby activated platelets. Once activated, platelets serve two functions. In primary hemostasis, they form a plug at the site of injury by adhering to other activated cells using fibrinogen molecules and their specific receptors (e.g. GPIIb/IIa). Simultaneously, they also allow phosphatidylserine scrambling to the outer leaflet of their plasma membrane which catalyzes the conversion of prothrombin to thrombin by the formation of the 'factor V, factor X' complex [5] . Thrombin plays a major role in the formation of a fibrin mesh on top of the plug of activated platelets which leads to secondary hemostasis. Intermediate steps involve collagen exposure and activation of other factors (e.g. factor XIII) which catalyze several reactions within the coagulation cascade. Although many molecules are involved in this entire process, there are only a few that initiate the chain of reactions. Therefore, it is possible to take inspiration from bottom-up synthetic biology to build some of these characteristics into an artificial cell to mimic platelet functionalities (figure 1). While natural platelets undergo complex responses during endothelial damage and are involved in both primary and secondary hemostasis, the proposed artificial platelets based on lipid bilayer vesicles would only recapitulate secondary hemostasis.
Several diseases manifest from an impairment of the normal functioning of platelets. Patients suffer-2 S Majumder and A P Liu ing from different kinds of thrombocytopenia have low platelet production or increased platelet destruction resulting in a very low concentration of platelets in blood. In some autoimmune diseases like autoimmune lymphoproliferative syndrome (ALPS), a large number of white blood cells causes reduction in the number of platelets and red blood cells [6] . Chemotherapy-induced bone marrow suppression as a side effect also leads to decreased platelet production. In all these cases, any minor injury or trauma can result in excessive blood loss due to longer clotting times, making such situations life threatening to the patients.
Current treatment methods for platelet associated diseases include high dosage of corticosteroids, spleen removal surgery, rituximab, immunoglobulin, immunosuppressant or androgen therapies [7] [8] [9] . All of these interventions have serious side effects and in most cases do not result in complete remission. An alternative strategy to treat low platelet count is through platelet transfusion [10] . Although the treatment has high efficacy when successful, there are several limitations and risks associated with platelet transfusion. Disease transmission by virus or malignant cells is an unavoidable risk even though many screening tests have been developed over the years. Furthermore, platelet storage and handling is a major issue as they are prone to activation outside the body and even at low temper atures. They can only be stored at room temperature for about 5-7 days without a significant decrease in cell viability. Storage at room temperature also increases the chances of bacterial contamination which can lead to bacterial sepsis in patients. Ideally, our artificial platelet concept would allow on demand synthesis (with some lag time) and avoid complications with storage. Finally, inflammation due to an immune response is a major concern as it may result in sepsis-like symptoms and possible respiratory failure [11] . Hence, given the importance of platelets and the associated complexities that arise due to the abovementioned disorders, it presents an important challenge that an alternative to natural platelets is developed.
Current state of artificial platelets
Until a few years back, most studies involving augmentation of hemostatic pathways were aimed at enhancing platelet adhesion and hemostatic plug formation. One such approach is that of poly(lacticco-glycolic) acid-poly(L-lysine) (PLGA-PLL) nanoparticles with attached polyethylene glycol (PEG) chains conjugated with arginylglycylaspartic acid (RGD) peptides [12] . These microspheres were shown to function as substrates for platelet activation and aggregation in the presence of ADP with minimum non-specific binding. They were successful in significantly reducing clotting times in rats and were also removed from the circulatory system within a week after injection. However, these nanoparticles do not function as platelets but merely augment one aspect of the complex chain of events leading to hemostasis. In recent years, attempts have been made at targeting more complex platelet functions such as clot contraction. Platelet-like particles (PLPs) were developed from polyacrylamide-based microgels with motifs having high selectivity for nascent fibrin protofibrils and minimal affinity for fibrinogen [13] . These plateletsized particles were made from a crosslinker-free, precipitation polymerization method that imparted high deformability matching that of natural platelets. These resulted in clot-specific binding of these microspheres to fibrin and subsequent induction of clot collapse. In another study, nanoparticles were enclosed in plasma membrane derived from human platelets [14] . The aim was to retain important surface characteristics of natural platelets. These platelet membrane-cloaked nanoparticles (PNPs) could bind to type IV collagen and had reduced uptake by immune cells in circulation. Furthermore, targeted drug unloading capabilities were demonstrated with efficient adhesion at injured vasculature sites. Membrane cloaking of nanoparticles with lipid bilayer was also leveraged in a different study to structurally and functionally imitate platelet granules [15] . These artificial platelet models represent a different focus from using synthetic compounds to reproduce certain biochemical pathways towards emulating processes present in natural platelets. Therefore, a logical progression would be to build a minimal system from biological constituents that could carry out some of the essential steps in the hemostatic process. This is where we believe bottom-up synthetic biology provides some unconventional ideas.
Inspiration from synthetic biology on building artificial cell
Over the last decade, numerous tools have been developed in the field of bottom-up synthetic biology which have expanded the range of what we can engineer with biomolecules. With the advent of cell-free systems, studies of protein production and regulation of transcription and translation with specific genetic models have become robust and efficient [16] [17] [18] . Furthermore, interactions between different molecules (e.g. lipids, nucleic acids, membrane proteins, etc) under a variety of well-defined conditions can be reconstituted to recapitulate biological processes and be used to effectively optimize desired biomimetic effects [19] [20] [21] . Given the similarity of a cell-free solution to that of the cytoplasm of a living cell in terms of protein production from genes, it is possible to reverse engineer an artificial cell by encapsulating cell-free systems within a membrane-bound compartment that simulates the plasma membrane of real cells. Recent developments in the use of microfluidic technology to generate lipid vesicles have provided multiple ways of encapsulating multi-constituent solutions inside them [22] [23] [24] . Using cell-free systems and such microfluidic setups, we and others have previously reconstituted functionally active proteins in liposomes with real time production of proteins from programmed DNA as an early prototype of an artificial cell [25] [26] [27] [28] . Three important elements of an artificially constructed cell have been identified, namely an information module, a metabolism system, and an enclosure which can interact with the surrounding environment [1, 29] . Towards our goal of creating an artificial platelet, it is possible to use phospholipid vesicles (which would form an interacting membrane similar to the plasma membrane of real cells) that enclose a cell-free solution (which would provide the metabolism system) containing DNA encoding genes for the production of essential proteins (which would serve as the information module).
In the next sections, we systematically lay out possible ways of using bottom-up synthetic biology as a platform for creating a biological system that has the potential to serve as an artificial platelet.
Concept for building artificial platelets
The primary platelet function to recapitulate is coagulation [5] . Natural platelets bind to collagen when the endothelium is breached. During primary hemostasis, activation of platelets triggers a complex set of events including the release of granule contents, remodeling of the cytoskeleton, and aggregation with adjacent platelets. Secondary hemostasis is the classic blood coagulation pathway that consists of three pathways: intrinsic, extrinsic, and common. The intrinsic (contact activation) and extrinsic (tissue factor) pathways both lead to the activation of thrombin from prothrombin via activated tissue factors. The burst of thrombin converts fibrinogen to fibrin which forms a cross-linked clot.
In addition to intrinsic and extrinsic coagulation pathway, a hallmark of an activated platelet is the surface expression of negatively charged phosphatidylserine (PS). PS has been shown to regulate blood coagulation [5] , and unpublished work from our group suggests that PS-containing membrane is essential for thrombin generation. Taken this and considering the biology of coagulation pathways, the following picture emerges (figure 2): Collagen-bound artificial platelets with exposed PS recruit activated factors V and X (a result of activated natural platelets). This assembly promotes the conversion of prothrombin to thrombin, which proteolytically cleaves fibrinogen to fibrin forming a fibrin network. Although this seems feasible diagrammatically, how to couple collagen binding to the surface presentation of PS underlines a central challenge to this concept of an artificial platelet. In the next section, we present possible ideas to engineer an artificial platelet wherein the presentation of PS, through shear stress dependent calcium-induced membrane fusion, is coupled to its binding to extracellular collagen ( figure 3) .
Although the biology of platelet function is more complex than what we have described and a significant amount of platelet biology is known, it is perhaps a sufficient starting point to ask whether we could create a scheme whereby a localized burst of thrombin mediated by an externally injected agent, at the site of endothelium injury, can elicit fibrin clot formation as a way to augment natural platelets in acute bleeding. 'Smart' lipid vesicles capable of expressing proteins of interests as artificial platelets is an intriguing possibility. As stated before, the focus is to recapitulate function rather than trying to reconstitute the essential molecular components of natural platelets.
Modular design of artificial platelets
In order to realize artificial platelet engineering, we look at the process of coagulation in a step-by-step manner. If one can delineate the complete process into individual modules that can be engineered separately, it might be possible to combine them together to achieve the desired functionality. For example, one can envision the attachment of these artificial platelets to the extracellular matrix containing collagen and other binding factors such as the von Willebrand factor (vWF). This step would require the complementary binding molecules to be reconstituted in the artificial platelets first. Thereafter, some inherent process within the artificial platelet would lead to the exposure of PS lipids on the outer leaflet of the platelet membrane and thus mediate the assembly of the prothrombinase complex. Additionally, in order to achieve temporal control over PS exposure, dynamics of vesicle fusion can be coupled with chemical signaling such as the influx of calcium ions. Since attached artificial platelets would experience shear stress from blood flow, it is possible to activate them mechanically by induced shear forces on their lipid bilayer membranes. Mechanosensitive channels can be used to mediate the influx of chemical species upon shear force-induced activation. Thus, these important considerations can be organized into four major functional modules, the construction of which will set a foundation for the assembly of the proposed artificial platelet. A bottomup synthetic biology approach to engineer artificial platelets is challenging, especially given the complexity of biological systems. However, modular design enables complex engineering and makes the challenge more tractable. Moreover, modules can be developed independently and swapped out with other functional modules that serve the same purposes. Below, we will describe the four functional modules that would make our artificial platelet design possible and present evidence and ideas on how each module can be put together.
Vesicle encapsulation ( figure 4, top left) . A hallmark of any cellular life is that a cell is bound by a membrane. In this case, we will use lipid bilayer vesicles to model artificial cells since a lipid bilayer serves as a natural environment for membrane proteins. Proteins encapsulated in a vesicle can compartmentalize enzy- Shear stress-induced activation of artificial platelets. Binding of artificial platelets to exposed collagen leads to increased membrane tension due to shear stress that subsequently opens a mechanosensitive channel. Influx of 'extracellular' calcium triggers SNARE-mediated membrane fusion of PS-containing SUVs to deliver PS to the surface of artificial platelets. matic reactions and/or perform work. While there are numerous approaches to make lipid bilayer vesicles, controlled vesicle encapsulation is more challenging. Here we propose to use double emulsion templated vesicles generated by capillary microfluidics as a means to obtain monodispersed vesicles enclosing solutions of interests [22, 27, 31] . While this double emulsion technique uses an organic phase and leftover solvents may be undesirable, there has been a recent report where solvent de-wetting occurs rapidly by dissolving phospholipids in octanol [24] . Another work demonstrated the use of a diblock copolymer to preferentially steer solvent de-wetting in these double emulsions [32] . Furthermore, we have functionally reconstituted mechanosensitive channels in lipid bilayer vesicles made by capillary microfluidics [28] . With this approach, vesicle sizes, membrane compositions, and encapsulated materials can be readily controlled. As alternatives, other microfluidic approaches can be used that would achieve a similar goal [23, 24] . Current microfluidic vesicle encapsulation strategies typically produce vesicles with sizes on the order of tens of micrometers, which are larger than platelet sizes. While this remains a technological challenge yet to be overcome, one could envision optimizing microfluidic approaches for generating smaller, platelet-sized vesicles or adopting droplet splitting microfluidics for making smaller vesicles from larger vesicles [33] . Droplet splitting is possible with emulsion droplets but this has not been demonstrated or shown to work with lipid vesicles. Artificial platelets that are 3-5 µm would be ideal sizes. Even though this size range is not possible at present, artificial platelet construction and testing can be done at a larger size for demonstrating key concepts and features.
Vesicle attachment (figure 4, top right). For our artificial platelets to function properly, they will be circulating in the vasculature and will bind to exposed collagen when there is an endothelial injury. A candidate solution is to conjugate a collagen binding peptide harboring a free terminal cysteine to the surface of lipid vesicles using maleimide chemistry [30] . Surface density of collagen peptide can be controlled by the fraction of reactive maleimide and specificity can be ascertained by scrambling the order of collagen binding peptide, as shown. As alternatives to using collagen binding peptide, one can conjugate Fab antibody fragment using a similar chemistry or reconstituting collagen-specific glycoprotein Ia/IIa and vWF which are the natural adhesion molecules used by platelets to bind to extracellular matrix [5, 30] .
Protein production ( figure 4, bottom left) . In order for artificial platelets to function, protein machineries are indispensable. As indicated above, cell-free expression (CFE) systems can be used for synthesizing proteins of interest in an artificial cell. CFE systems that combine transcription and translation have a broad range of applications in both basic and applied science, and both bacterial and mammalian CFE have been used as the 'cytosol' of artificial cells [26] [27] [28] 34] . As an alternative to CFE for protein production, conventional biochemical reconstitution using purified proteins can be considered. Working with purified proteins has advantages of its own where protein concentrations can be readily controlled. However, cell-free protein synthesis has several advantages over purified proteins. Reconstitution of purified membrane proteins in lipid bilayer vesicles is difficult since it requires detergent and this can lead to uncontrolled orientation in the bilayer. Depending on the protein of interest, protein purification can present its own challenges where special handling may be required. Mammalian CFE allows an efficient means to produce virtually any proteins of interest. A key advantage of producing proteins using CFE is that it offers tremendous flexibility to a researcher as DNA encoding proteins of interest can be readily designed. Although protein production in mammalian CFE is limited to ~6 h, sufficient proteins would be made in artificial platelets to carry out their proposed functions. Mammalian cell-free lysates contain microsomes which are endoplasmic reticulum fragments that support the native expression, folding, and post-translational modification of membrane proteins. Different proteins can be expressed simultaneously for several hours at concentrations up to a few tens of µg ml −1 in bulk reaction [16] . When encapsulated, protein production is expected to be faster due to a higher rate of gene expression in confined volumes [35] . Extending protein production lifetime is an important current effort in CFE research, but we do not expect prolong protein expression to be necessary in the proposed artificial platelets.
Using microfluidic devices described in vesicle encapsulation [25, 27] , one can encapsulate these CFE systems with added DNA containing the genes of interest inside phospholipid vesicles. In particular, the artificial platelet design relies on the expression of a mechanosensitive (MS) channel in addition to other required proteins. Mechanosensitive channel of large conductance, MscL, is a well characterized prototypical bacterial MS channel that gates purely from increased membrane tension [36, 37] . Gating of MscL occurs at a membrane tension of ~10 mN m −1 [38] . Theoretical modeling has pointed to the possibility that MscL can be gated open by shear flow [39, 40] , at a dimensionless capillary number of Ca = 8. However, whether shear stress can activate MscL or not has never been investigated experimentally, to the best of our knowledge. In principle, shear stress can deform bilayer membrane and increase membrane tension. Functional expression of MscL, by increasing membrane tension due to osmotic pressure, has been demonstrated in a CFEcontaining artificial cell system [28] . Thus, CFE may be a suitable approach for protein production in artificial platelets.
Vesicle fusion (figure 4, bottom right). The final module of our artificial platelet design is delivery of PS by vesicle fusion which can be coupled to the influx of calcium ions. Calcium is an important secondary messenger in cell signaling and its influx can be used to elicit a biochemical response. Soluble N-ethylmaleimide-sensitive-factor attachment protein receptor (SNARE) proteins mediate membrane fusion between two opposing membranes containing v-SNARES (for vesicle) and t-SNARES (for target) [41] . SNAP-25 and syntaxin can function as t-SNAREs and synaptobrevin can function as v-SNAREs (shown in figure 3 ) that together form a thermodynamically stable complex that drives membrane fusion in a calcium dependent manner as shown by us and others [42] . One way to realize such fusion is to encapsulate small unilamellar vesicles (SUVs) containing PS with biochemically reconstituted t-SNAREs (using purified proteins) within the larger vesicles devoid of PS, along with the CFE system expressing v-SNAREs. Importantly, generation of PS-containing SUVs and vesicle encapsulation are two separate and independent processes so the larger vesicles do not contain PS prior to membrane fusion. Due to a concentration difference of membrane proteins between the SUVs and the larger vesicle bilayer, preferential insertion of v-SNAREs in the larger vesicle membrane will result in differential SNARE protein localization as conceived above. Most vesicle generation techniques cannot create asymmetric lipid bilayers. However, fusion of PS-containing SUVs with the larger vesicle is expected to deliver PS to both the inner and outer leaflets. Since our artificial platelet activation mechanism is to present PS to the vesicle surface, one can envision other functional modules that can achieve a similar outcome. For instance, platelets are known to use a phospholipid scramblase TMEM16F to expose PS to the outer leaflet whose activity is dependent on calcium ions [43] . While reconstituting TMEM16F activity may seem attractive, one would also need to start with an asymmetric membrane composition (PS only in the inner leaflet) as an initial condition. This may be accomplished by expressing another enzyme phosphatidylserine synthase that converts phosphatidylcholine to phosphatidylserine. While one might prefer the artificial platelets to have a lipid composition and leaflet asymmetry similar to those found in natural platelets, this artificial platelet design is aimed at reconstituting the primary function of thrombin activation and the subsequent formation of fibrin clots. Therefore, differences in membrane composition of these artificial platelets should not affect the reactions mediated by the exposure of PS. Another possibility is that it may be the negative charge of PS that is required for the subsequent coagulation cascade. If this is the case, it could open up other approaches towards engineering an artificial platelet that displays negative charges upon binding to collagen.
Thus, the final assembly would contain the functional aspects of the above mentioned modules. The mechanism of the formation of a fibrin clot according to our proposed scheme can be summarized as follows: A collagen-bound vesicle simulating an artificial platelet will experience shear flow in the blood which increases its membrane tension. The change in mechanical environment serves as an external signal to trigger artificial platelet activation. The artificial platelets bear mechanosensitive channels that open with increased membrane tension. Subsequently, the opening of these mechanosensitive channels lead to the influx of extracellular calcium. Calcium ions can trigger membrane fusion of PS-containing SUVs within artificial platelets via membrane fusion machineries such as the SNARE proteins. This in turn will cause the delivery of PS to the outer leaflet of the platelet membrane. As mentioned before, PS exposure catalyzes the formation of thrombin leading to the generation of a fibrin clot at the site of vesicle attachment.
Challenges and future outlook
The four functional modules described above, when combined, should constitute working artificial platelets based on our initial platelet activation design-though demonstrating this remains a challenge. What does the future hold for artificial cell research? While modular approaches have been transformative in modern technology, such as in the assembly of computers and cars from discrete functional components; the adaptation of this in bottom-up synthetic biology has been more challenging. Fundamental limitations include the unpredictability of the system native to biology and establishing well-defined interfaces between modules. Although each module can function independently, how modules can be coupled together without a loss of function is a current challenge as well as opportunity. We have recently demonstrated an artificial cell that senses a mechanical (osmotic pressure) input and a chemical (external calcium) input [28] . Coupling environmental sensing with functional actuation is the next frontier. By engineering a system that recapitulates cell functions, it may be possible one day to create artificial cells that supplement the functions of real cells.
